Foot-and-mouth disease virus (FMDV) was shown to be transmitted from either cattle to llamas, llamas to swine (interspecies), or llamas to llamas (intraspecies). Response to FMDV varied greatly in the 6 llamas studied; 3 llamas developed generalized clinical disease with mild pyrexia, 2 after intradermolingual inoculation, and 1 after exposure to a calf infected with FMDV serotype A24. Another contact llama developed vesicular lesions on all 4 extremities but no oral lesions. Two contact llamas, in separate study groups, did not seroconvert or develop clinical signs of FMDV infection. All 4 llamas showing clinical disease developed virusneutralizing antibodies against FMDV A24 and antibodies against the virus-infection-associated antigen. Virusneutralizing antibody titers remained elevated for over 200 days postinoculation or exposure. Antibodies to virus-infection-associated antigen were detected several days after virus-neutralizing antibody appeared and became weaker 100-125 days post-FMDV exposure in 3 of the 4 clinically affected llamas. One inoculated llama was still positive for virus-infection-associated antigen at 360 days after inoculation. Foot-and-mouth disease virus A24 was not detected from esophageal-pharyngeal fluid specimens beyond 8 days postexposure using in vitro techniques.
umented 4 weeks postinoculation in one of 2 asymptomatic camels. When rechallenged 16 weeks later, both camels were free of clinical disease, had detectable virus-neutralization titers, but had no detectable antibodies against the virus-infection-associated antigen (VIAA). l8 The presence of antibodies to FMDV serotype 01/ 2/72=Egypt in 39 camel sera tested in the Sharkia province (Egypt) has been documented. The prevalence varied widely depending on the serologic test used in the survey; 74% of the animals were positive for complement-fixing antibodies, 69% by virus-neutralization assay, and only 15% for VIAA antibody. All sera positive for VIAA were also positive by the virus neutralization test. l9 During the 1981 outbreak of FMD at the Assam Zoo (India), where a large number of wild ungulates were kept, including members of the family Camelidae, neither llamas nor dromedarian camels became infected even though the disease spread rapidly to 34 of 38 deer and to 2 mithuns (Bos frontalis). 29 The South American camelids, collectively known as auquenids in South America, are highly prized in the Andean countries for their fleece and fiber, for their role as beasts of burden, and as sources of meat and monetary exchange. More recently, in the United States they have also become cherished as recreational pack animals and exotic pets. In South America, these native domesticated animals often come into contact with other livestock as they are brought down from the hills 197 to fairs and livestock shows and are housed with other species, traded, or exported.
The role of the South American camelids in FMD epizootiology is not completely known. The Pan American Health Organization regional animal health booklet does not list FMD as a disease of auquenids in any of the countries where these species are found. 26 Furthermore, in a South American publication dedicated solely to alpacas, FMD is cited as a disease rarely observed and of minor importance. l6 In an Argentine study devoted entirely to auquenid management and medicine, brief mention was made regarding FMD, and then only in Lama glama. 28 Outbreaks of FMD in South American camelids have rarely been reported. In one case, alpacas, showing minor clinical disease, were associated with a field outbreak in a Puno (Peru) cattle population from which FMDV A24 virus was isolated. l7 The authors concluded that these species could play a role as carriers of FMDV and potentially transmit the virus when in contact with susceptible livestock. 17 In the 1987 outbreak of FMD in Chile, 85 camelids were among the 2,515 head of livestock sacrificed during the FMD eradication campaign. None of these 85 animals were reportedly affected with clinical FMD. 20 In a comprehensive experimental study conducted at La Granja Modelo de la Raya (Peru), 16 llamas, 19 alpacas, and 1 vicuña were inoculated, and transmission experiments were conducted. l4 With the exception of 1 animal, all auquenids inoculated percutaneously, intranasally, or by mechanical abrasion of the tongue epithelium with a gauze impregnated with FMDV developed clinical FMD at 24-72 hours postinfection. Transmission of FMDV to 3 of 5 (60%) alpacas was documented when these animals were introduced into the same room with FMDV-infected alpacas. Llamas exposed under the same cohabitation conditions did not become clinically infected even though they remained in the FMD-contaminated premises for 20 days. This study also documented the death of 2 llamas and 2 alpacas from diffuse necrotic myocarditis ("tiger heart") and hyaline degeneration after intravenous inoculation of FMDV. l4 The study reported here was undertaken (1) to ensure that present diagnostic methods for FMD used at import centers, quarantine stations, and diagnostic laboratories are applicable to the South American camelids; (2) to ascertain the susceptibility of the llama to FMD and the capability of the llama for intra-and interspecies transmission of FMD; and (3) to determine if llamas convalescent from FMD become longterm carriers of the virus.
Materials and methods
Animals. Three grade Landrace swine, 1 Holstein bull calf, and 6 male US-born purebred llamas were used in this study. One llama (LA2) was a gelding, the rest were intact. Ages of the llamas at the beginning of the study ranged from 6 to 60 mo.
All animals used in this study were housed at the Foreign Animal Disease Diagnostic Laboratory facilities (Laboratory 257). Fresh, clean water and alfalfa pellets were available ad libitum.
Virus. Foot-and-mouth disease virus A24 Cruzeiro was obtained from bovine tongue tissue passaged 3 times into guinea pig footpads before being collected and stored at -70 C. The inoculate contained l0 6 TCID 50 , doses/ml of FMDV A24.
Sample collection and storage. Blood samples were obtained daily for the first 7 days post-FMDV exposure (inoculation or contact) and subsequently at 7-10-day intervals until day 75. After the first 75 days, blood samples were collected at 25-day intervals through 350 days postinoculation (dpi) or days postcontact (dpc). Esophageal-pharyngeal samples were collected at the same intervals as the blood samples but ending at day 125 postexposure. Samples were maintained at -70 C until tested.
Material originating from lesions of a vesicular nature from symptomatic animals were collected and tested for the presence of viral antigen by the complement fixation (CF) test. The calf and swine were euthanized after 8 dpi and 7 dpc, respectively.
Serum was harvested from blood collected from the jugular (llamas and calf) or cranial vena cava (swine). Sera obtained during the study were tested for antibodies against FMDV by tissue culture virus neutralization test and for VIAA by the agar gel double immunodiffusion test.
Esophageal-pharyngeal fluid samples. Esophageal-pharyngeal fluid samples were collected using a stainless steel cup probang designed by us for use in the llama. The use and collection procedure has been previously described. 32 The probang sample was mixed or rinsed with Tris-buffered tryptose broth with phenol red (pH 7.2) and placed into screwcapped vials containing 5-7 ml of the tryptose broth. Samples were kept refrigerated until placed in a -70 C freezer. At the time of virus isolation, the OP samples were thawed at room temperature, the fluid and debris were ground in a tissue grinder, a and were mixed 1:1 with trifluorotrichloroethane. b The mixture was homogenized for 60 sec and centrifuged at 680 x g for 10 min. The treated OP samples were kept on ice at all times and 1 ml of the aqueous phase of the mixture was used to inoculate Mengeling-Vaughn porcine kidney (MVPK) and/or primary bovine thyroid (BTY) cell cultures. 27, 30 Cell cultures were observed daily, and all samples without cytopathogenic effect (CPE) were subpassaged twice before being considered negative in the final reading. Tissue culture flasks in which CPE was evident or suspect were confirmed as FMDV positive by the CF test.
Serology. The microtiter complement fixation test was performed on tissue samples collected from animals with clinical FMD, using polyvalent FMDV hyperimmune antisera for types A, O, C, and monovalent FMDV A24 antisera. 10, 35 The virus neutralization test (VN) was performed in microtiter plates using MVPK cells to quantify serum titers. Sera were also evaluated for the presence of antibodies against VIAA. 9, 15 Experimental design. Group I-Interspecies FMDV transmission study. An adult llama, LA1, was inoculated with FMDV serotype A24:2 ml intradermolingually (IDL), 2 ml intranasally, and 1 ml intradermopodally in the right forefootpad. At 24 hr postinoculation, 3 contact control swine (SJ1, SJ2, SJ3) were introduced for a 7-day cohabitation period. The llama was monitored daily for evidence of clinical FMD, and samples were collected as outlined above.
Group II-Interspecies FMDV transmission study. A calf, BJ1, was inoculated with FMDV A24 Cruzeiro: 2 ml IDL and 1 ml intranasally. At 24 hr postinoculation, 2 llamas seronegative to FMDV (one adult, LA2, and one juvenile, LJ3) were introduced as susceptible contacts, and all animals were examined daily.
Group III-Intraspecies FMDV transmission study. An adult llama, LA4, was inoculated with FMDV A24 Cruzeiro: 2 ml IDL and 2 ml intranasally. At 24 hr postinoculation, 2 llamas seronegative to FMDV (one adult, LA5, and one juvenile, LJ6) were introduced for a 7-day cohabitation period as susceptible contact controls. All animals were examined daily, and samples were collected as with the previous 2 groups.
Interspecies and intraspecies transmission studies were spaced so as to decrease the chances of the investigators acting as mechanical vectors for FMDV. Initiation of the experiments for each group was separated by 3 wk. Investigators and caretakers would not reenter an animal room twice in 1 day nor visit any other animal or animal rooms included in this study.
Following acute FMD (4-14 dpi or dpc), the llamas were transferred to FMDV-clean rooms, and samples were taken at the established schedule to check for a possible carrier status. 
Results
The clinical findings in the FMDV experimental inoculation and transmission studies are summarized in Table 1 . In Group I, the clinical course of FMD in the adult llama, LA1, at 24 hours postinoculation was characterized by sloughing of epithelium at the inoculation sites. By 48 hours, flaps of epithelium from ruptured vesicles covered the entire rostral portion of the tongue. The underlying lingual stroma was intensely hemorrhagic, contrary to what is commonly seen in bovine FMD. At 2-5 dpi, a stringy, frothy oral discharge was evident around the commissures of the mouth from which FMDV A24 was readily isolated. The interdigital glands became turgid and conspicuous at 5-6 dpi, primarily on the hind feet. Vesicular fluid was observed seeping from the distal portion of one of the interdigital glands. Lameness was moderate. By 11 dpi, no evidence of any tongue trauma could be identified. Flaps of cornified epithelium attached only at the center of the footpad on the palmar and plantar aspects of the extremities were observed by 14 dpi.
Serological findings are summarized in Table 2 . Neutralizing antibody to FMDV was first detected at 7 dpi in LAl, and VIAA antibody was detected by 11 dpi. Compared with the other llamas in this study, this inoculated adult was the earliest to have demonstrable antibodies against VIAA.
Antibody against VIAA became noticeably weaker (bending of the reference precipitin line into the test serum rather than a distinct line of identity) at 116 dpi, and completely negative by 150 dpi. The VN titer peaked at 11-28 dpi (1:110) and remained elevated until the termination of the experiment (200 dpi).
Group I interspecies transmission of FMDV A24
Cruzeiro occurred by placing susceptible contact swine with LA1. All contact swine developed extensive typical FMD lesions on the extremities at 3-4 dpc.
In Group II, interspecies transmission was also achieved in the llama after contact exposure with an inoculated bovine. Transmission of FMD was first suspected by seeing epithelial fissuring and blanching of the entire dorsal surface of the tongue in the juvenile contact llama (LJ3) at 4 dpc. Even though gingivae, lips, and the hard palate were also involved and temperature elevation was noted, LJ3 maintained ade- Table 2 . Serologic findings of FMDV-A24 infection by inoculation and contact transmission to the llama (Lama glama) and selected domestic livestock. quate food and water intake and continued to interact normally with the other llama in the room, the caretakers, and the author (JL). Although lameness was not noted, evidence of foot involvement was seen after 14 dpc as a separation of the thick plantar and palmar cornified footpad epithelium from more proximal structures. As with the adult llama in Group I, this "ruptured" footpad vesicle was more apparent at the level of the abaxial hairline, medial and lateral. No coronary band lesions were seen. Llama LJ3 developed a positive peak 1:110 VN titer as early as 10 dpc (7 days after the onset of clinical disease). The VN titers persisted through 360 dpc. The earliest a VIAA im-munoprecipitin line was detected in LJ3 was 21 dpc; the line became weaker by 125 dpc and was negative by 150 dpc.
The adult llama, LA2, remained asymptomatic, and repeated VN and VIAA assays were negative even though he remained in the same contaminated cubicle for over 100 days and in the company of LJ3 for over 150 days. Samples from the affected tongues of calf BJ1 and llama LJ3 and from the dental pad and lip epithelium from the llama were positive for viral antigen in the CF test (Table 3) .
Intraspecies transmission in Group III was also documented. As with Group II, only one of 2 contact Table 3 . Complement fixation test of various tissues collected through the course of acute clinical FMD infection in the llama (Lama glama) and selected domestic livestock. Table 4 . Isolation of FMDV A24 from esophageal-pharyngeal fluid of inoculated and exposed llamas (Lama glama). llamas developed clinical FMD. In this case, the contact adult llama had evidence of mild foot lesions (no oral lesions and no temperature elevation), and the juvenile llama, LJ6, remained entirely asymptomatic.
The inoculated llama, LA4, did not have the extensive tongue involvement as did LA1 (Group I) and LJ3 (Group II) but did have the most severe lameness characterized in this study. LA4 had palpable excessive heat around the coronets on all 4 extremities; was prostrate and sternal, and then lateral recumbent for extended periods of time; and was unwilling to stand when coaxed. Vesicular fluid (3-4 ml) was obtained with ease from each of the palmar and plantar aspects of the sole. Anorexia, pyrexia (up to 39 C), and vocalizations were also noted (the latter being generally rare in llamas).
In Group III in the inoculated llama, LA4, anti-VIAA antibodies were first demonstrated at 14 dpi and they remained beyond 360 dpi, whereas LA5 remained VIAA positive from 21 to 100 dpc.
Virus neutralization titers appeared earlier, with seroconversion in the inoculated llama, LA4, at 7 dpi and in the contact challenge llama, LA5, at 14 dpc. Peak neutralization titers were obtained at 21 dpi (1: 110) in LA4 and at 14 dpc (1:110) in LA5. Tongue epithelium and vesicular fluid from footpads of LA4 were positive for FMD viral antigen by the CF test (Table 3) .
Foot-and-mouth disease virus A24 could not be detected in OP fluid samples from any of the experimentally infected or contact llamas beyond 8 dpi or dpc ( Table 4 ). The FMDV was recovered up to 5 and 7 dpi from contacts LA2 and LJ6, respectively, even though antibodies could not be detected in these animals. Esophageal-pharyngeal fluid samples were collected through 116 dpi in LAl, 125 dpc in LA2, 100 dpc/dpi in LJ3, LA4, and LA5, and 70 dpc in LJ6. Esophageal-pharyngeal samples were not taken from llama LJ3 between 5 and 13 dpc because of the severe tongue lesions from the disease. However, FMDV had been confirmed in the prodromal period (3 dpc), and once the lingual surface was in the healing phase and OP samples were retaken, no virus could be detected by in vitro techniques.
Discussion
As members of the mammalian order Artiodactyla, it is not surprising that the South American camelids are susceptible to FMD. However, the multifarious FMD signs and lesions seen in these llamas were of interest; ranging from a generalized infection, in which oral and lingual mucosa and feet were affected with severe lameness, to confirmed exposed asymptomatic contact llamas from which virus could be isolated only from OP samples without any serologic evidence of virus encounter (LA2 and LJ6).
Serologic tests used in this study to detect FMDV antibodies in livestock and wild ruminants were equally capable of identifying the llamas that had had clinical evidence of FMD ( Table 2 ). Llamas that had a significant VN antibody titer early in the disease process were also positive with the VIAA immunodiffussion assay days later. Those llamas that were positive for VIAA also had antibodies against FMDV A24 by the VN test. The 2 llamas, LA2 and LJ6, that did not have clinical disease were seronegative by the VN and VIAA tests. However, seronegative animals with known FMDV exposure have been documented in other species. 2, 11, 31 In the adult contact llama (LA5) in Group III, no detectable lesions were seen in the oral cavity during the acute phase of the disease. Seroconversion was confirmed even though there were no overt clinical signs of FMD.
The inability in this study to isolate FMDV beyond the first week postinoculation or postcontact with FMDV-infected animal or premises is of paramount importance. This finding contrasts with what has been documented in some other species. Most FMD-in- 
